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Abstract: Although the impacts of biological invasions are widely appreciated, a bias exists in research
effort to post dispersal processes because of the difficulties of measuring propagule pressure. Here
we quantify the propagule pressure associated with the construction of a research station in Antarctica.
Based on quantitative assessment of different classes of cargo, we predict that over 5000 seeds will be
entrained during the period of building the station. Seeds from 34 taxa were identified, including known
invasive species.
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Introduction
Biological invasions constitute one of the primary concerns
for the conservation of Antarctica and its surrounding
islands (Frenot et al. 2005). Although non-indigenous
species are not as extensively established on the Antarctic
continent as they are on the surrounding islands, they have
become one of the foremost concerns of the Antarctic
Treaty’s Committee for Environmental Protection (CEP),
which is responsible for advice on the governance of the
area south of 608S. The CEP has recognized the prevention
of the introduction of non-indigenous species as the most
effective step in preventing biological invasions (Mansfield
& Gilbert 2008).
However, research concerning invasion processes in the
Antarctic is as much biased to post-dispersal processes and
impacts as it is elsewhere (compare Frenot et al. 2005 with
Puth & Post 2005). Only a few studies have documented
the relationship between the likelihood of introduction
and vector numbers (Chown et al. 1998), the nature of
microbial entry pathways (e.g. Hughes 2003), the role of
ballast water and hull fouling (e.g. Lewis et al. 2003, Lee &
Chown 2007), and the relative significance of transport
methods for terrestrial propagules (Whinam et al. 2005).
In addition, although several of these studies highlight
introduction pathways, they do not quantify propagule
pressure in a manner that enables further explicit assessment
of risk. Because initial dispersal is the stage in the invasion
process on which all others depend, and because propagule
pressure is such a significant correlate of introduction
and subsequent invasion success (Lockwood et al. 2005,
Richardson & Pyšek 2006), its quantification is essential
for understanding colonization pathways and how they might
be managed to reduce the risk of introductions. Such
quantification can provide insights readily applicable to a
variety of situations (Puth & Post 2005).
Although not every entrained propagule will be viable,
and not every viable propagule will be able to overcome the
abiotic barriers to establishment in the Antarctic, a
proportion of all arriving propagules are clearly capable
of overcoming these challenges (Frenot et al. 2005). The
majority of established aliens in the region are restricted to
the Southern Ocean islands (Frenot et al. 2005), where in
some cases the number of introduced species exceeds the
number of native species (Gaston et al. 2003). However,
even in the harsh climate south of 608S some species
have successfully established (see Smith 1996 for a
chronology of experimental and accidental introductions
into the field and their success rate). More recently, Poa
trivialis L. has survived for several years near the Japanese
Syowa station and produced flowers (although the pollen
was not viable) and Poa annua L. increased in abundance
around the Polish Arctowski station (Chwedorzewska
2008). Whilst the total number of established aliens in
the Antarctic is still relatively small, increases in visitor
numbers to the continent (Naveen et al. 2001) and rapid
climate change (Turner et al. 2007) places Antarctica under
a rapidly growing threat of invasion. If the continent is
not to meet the same fate as the surrounding islands,
identification of introduction pathways and development of
effective mitigation measures is essential.
Non-indigenous terrestrial species can enter the
Antarctic via cargo operations, construction materials,
food, and personal clothing and equipment. Of these,
large-scale cargo operations are thought to be amongst the
most effective vectors (Whinam et al. 2005), and several
invasions of islands in the region have been attributed to
propagule transport with building materials (Bergstrom &
Smith 1990, Frenot et al. 2001, Slabber & Chown 2002,
Jones et al. 2003). Moreover, large quantities of cargo and
packing materials are shipped into the Antarctic each year
to build and maintain research facilities. Indeed, at present,
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many nations are replacing or erecting new stations on or
around the Antarctic continent or have just done so, viz.
Atka Bay (Germany), Utsteinen Nunatak (Belgium), Halley
Bay (UK), Schirmacher Oasis (India), South Pole (USA),
and Dome A (European consortium). At present, 37 year-
round and 16 summer-only stations operate in the region
(http://www.comnap.aq/), all of which require upkeep.
Here we use the construction of the Halley VI station on
the Brunt Ice shelf, Dronning Maud Land, to provide the
first estimate of the propagule pressure associated with the
construction of a typical Antarctic research station. The
Halley VI construction (see www.antarctica.ac.uk) is ideal
for this question because a variety of construction materials
are sourced and stored in different locations, enabling
comparisons to be made between cargo types and localities.
Material and methods
It is expected that 16 000 m3 of materials will be required to
construct Halley VI. In December 2007, c. 6400 m3 of that
cargo was shipped from South Africa to Antarctica. Prior to
shipment, it was assembled in Cape Town, and stored either at
the dockside, which was bordered by waste ground containing
weedy vegetation, or in a warehouse close (10 km) to the
docks, located in a small industrial estate with no substantial
propagule sources close by.
Major structural items were manufactured in South
Africa, whereas internal fixtures and fittings were shipped
from the UK and other parts of Europe. In total, 865 m3 of
cargo comprising 92 individual units ranging in volume
from 0.2–27.5 m3 was sampled. Although the range of
cargo sampled at each location was similar, because of
space constraints at the warehouse the majority of large
volume items were stored at the dockside. Cargo was
divided into materials packed in wooden shipping cases
(n 5 56), materials packed onto pallets (n 5 26), and loose
material stored inside shipping containers (n 5 10).
Cargo was visually examined and small seeds and larger
clumps of vegetative material were collected using tweezers.
A hand held vacuum cleaner (Black and Decker V2405) fitted
with a mesh filter was used to gather fine material. Samples
were stored in the dark at room temperature (c. 238C).
Invertebrate fragments, organic material and plant parts were
found in the samples. Although the organic material probably
contained microorganisms and some plant fragments
may have been capable of vegetative growth, they could
not be identified and were excluded. Thus, only seeds were
considered: a reasonable first step given the significance of
vascular plants as invasives in the region (Frenot et al. 2005).
All seeds were identified to genus level. To determine
whether sampling had gone to completion, non-parametric
Chao 2 estimators were calculated using EstimateS (v8.0) and
rarefaction curves were constructed for genus- and family-
level data (Gotelli & Colwell 2001).
Fig. 1. Sample-based rarefaction curves showing the increase in
numbers of families (dashed line) and genera (solid line) with
increasing number of samples.
Table I. Summary of families and genera found in cargo and the
number of species in each genus that is listed on the Global Invasive
Species Database (GISP). Percentage of the total propagule load that
was found in samples collected from cargo at the dockside and samples
collected from cargo at the warehouse is also listed.
Family Genera GISP Dockside Warehouse
Amaranthaceae Amaranthus 0 1.14
Asteraceae Arctotheca 0 1.14








Brassicaceae Capsella 0 1.77
Lepidium 1 3.97 0.57
Caryophyllaceae Stellaria 2 1.14
Spergula 0 0.57
Chenopodiaceae Chenopodium 0 1.14 0.57
Cyperaceae Cyperus 0 2.84
Fabaceae Melilotus 1 1.14
Vica 0 2.84
Malvaceae Malvastrum 0 2.27
Oxalidaceae Oxalis 0 0.57
Papaveraceae Papaver 0 1.70
Plantaginaceae Plantago 0 3.98








Poa 2 3.98 1.70
Sorghum 1 1.14
Polygonaceae Rumex 2 4.55
Scrophulaceae Striga 1 3.41
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A generalized linear model assuming a Poisson
distribution and using a log-link function (SAS 9.1, SAS
Institute Inc, USA) was implemented to compare the
number of propagules in different types of cargo and cargo
which had been stored in the different locations, while
correcting for cargo volume. To compare the taxonomic
composition of propagules from different shipping routes
and cargo types, data were square root transformed, Bray-
Curtis similarities calculated, and a two-way Analysis of
Similarity (ANOSIM) conducted in Primer (5.1.2 Plymouth
Marine Laboratory) to determine significance of the
differences between cargo types and storage locations.
Thereafter, mean number of seeds per cubic metre was
calculated for each cargo type and sampling location and
scaled up to give an approximate number of propagules
transported for the construction of the entire station.
Results
Sampling was approximately complete (Fig. 1) and 176
seeds representing 14 families and 34 genera were collected
(Table I). Mean propagule load across all items was
0.31 seeds m-3 (SD 0.67). Asteraceae (32.1%) and Poaceae
(30.4%) were most commonly represented. Dockside cargo
had significantly higher propagule loads than warehouse
cargo (x2 5 36.30, df 5 1, P , 0.001). Cargo packed on
pallets had significantly higher propagule loads than loose
items or those stored in wooden cases (x2 5 16.04, df 5 2,
P , 0.001) (Fig. 2). Taxonomic composition of dockside
cargo was significantly different to cargo sampled at the
warehouse at family (ANOSIM global test R 5 0.31,
P , 0.001) and at genus (ANOSIM global test R 5 0.087,
P , 0.003) level. However, samples from different cargo
types could not be differentiated by composition at either
the family (ANOSIM global test R 5 0.043, P 5 0.19) or
genus levels (ANOSIM global test R 5 0.006, P 5 0.57).
Based on the proportion of each cargo type at each
sampling location and using the mean number of seeds per
cubic metre for each cargo category, the total propagule
load of the cargo was estimated as 2203 seeds for the 2007/
2008 season (Table II). It is expected that a further 9400 m3
of cargo will be required to complete construction.
Assuming cargo composition similar to that found here, a
further 3217 seeds will be entrained, bringing the estimated
total to 5423 for the construction of Halley VI.
Fig. 2. Mean ( ± s.e.) numbers of seeds per cubic metre for
cargo types stored at the dockside (open symbol) and the
warehouse (closed symbol).
Table II. Volumes and predicted numbers of seeds for each cargo type stored at dockside and warehouse locations (Photographs B. Newham).
Location Cargo type Seeds Vol. 2007 Predicted no. Predicted vol. Predicted no.
(units sampled) counted (m3) seeds 2007 2008 (m3) seeds 2008
Loose items (5) 2 2080.62 30.16 3034.12 43.99
Wooden case (18) 65 1667.43 446.37 2431.57 650.93
Pallet (9) 78 1430.90 1317.57 2086.64 1921.38
Loose items (5) 8 189.84 60.46 276.83 88.17
Wooden case (38) 7 654.06 118.25 953.80 172.44
Pallet (17) 16 430.67 233.24 628.03 340.14
Total 176 6453.52 2206.06 9410.99 3217.05
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Discussion
Although no plant or animal could establish on the ice shelf
at Halley VI, it is clear that the construction of an Antarctic
research station, many of which are located on ice free
ground (http://www.comnap.aq/), is likely to introduce
substantial numbers of propagules in to the region.
Experimental work on seed drop-off rates for standard
cargo shipped to Antarctica indicates that c. 30% of these
seeds drop off between the home port and the station, and a
further 50% in the station area (Lee & Chown in press).
A high proportion of seeds found in cargo were from taxa
that include globally invasive species (Table I) and the two
most commonly found groups found in samples, Asteraceae
and Poaceae, both contain substantial numbers of species
known to be invasive in the Antarctic region (Frenot et al.
2005, Chwedorzewska 2008). The prevalence of common
alien taxa in the propagule load lends support to the idea of a
self-sustaining cycle, and illustrates how invaders can
undergo rapid increases in range size, with species that are
common in disturbed areas, such as docksides, becoming
entrained in cargo and then transported to other similar
locations where they are likely to again become entrained
(Shimono & Konuma 2008). On a global scale, such
entrainment has important implications for biosecurity
policy, but is also important in an Antarctic context
because of the practice of using central storage depots
with satellite operations to remote field sites. On sub-
Antarctic islands, such central storage areas often have a
high prevalence of alien species (Bergstrom & Smith 1990)
and if these become entrained within cargo, resupply of field
stations may facilitate dispersal to inaccessible areas.
While tourist and scientific cruises represent a high
proportion of the total traffic in the Antarctic region
compared with voyages dedicated to construction (Lamers
et al. 2008), the latter are potentially problematic because
of the volume of cargo involved and the difficulty of
reducing its propagule load (Whinam et al. 2005). In
consequence, and as we have shown, cargo for construction
represents a major vector for non-indigenous species. This
is especially concerning given much station building
activity in the region (see above and http://cep.ats.aq/cep/
index.shtm) and ongoing climatic change at some sites
(Chown & Convey 2007). Moreover, the propagule loads
documented here also suggest that cargo shipping globally
may be a major vector of weedy species. All of the species
found entrained in dockside cargo were found growing in
the waste ground area of the docks and it thus appears that
the propagules were locally sourced. If propagule loads on
cargo bound for other ports is anywhere close to what we
have found, the global propagule load is likely to be
substantial. Here we found 176 seeds on 865 m3 of cargo
for one voyage, while at the port of Cape Town alone 3400
vessels and c. 48 770 000 gross tonnes of cargo were
handled in 2006 (http://www.ports.co.za/cape-town.php).
Nonetheless, management action to reduce propagule
transfer can be taken, by selecting carefully the type of
packing approach adopted, and more importantly, by
making sure that wherever possible closed warehousing is
used and docksides remain free of weedy species. Such
approaches will be especially significant for shipping en
route to and among sites on the Antarctic Peninsula, which,
from a temperate invasive species perspective, is showing
rapid climatic amelioration.
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